Abstract Flaring is a common industrial practice that leads to substantial greenhouse gas emissions, health problems, and economic losses. When the causes, magnitudes, and frequency of flaring are properly understood and incorporated into the design and operation of the industrial plants, significant reduction in flaring can be achieved. In this paper, a process integration approach is presented to retrofit the process design to account for flaring and to consider the use of process cogeneration to mitigate flaring while gaining economic and environmental benefits. It is based on simultaneous design and operational optimization where key flaring sources, causes, and consequences of process upsets are identified then included in the energy profile of the process to design a combined heat and power system with special emphasis on discontinuous sources due to process upset. Environmental and economic benefits are weighed against the cost of process retrofitting. A base case study for an ethylene process is used to illustrate the applicability of the proposed approach and to evaluate the process performance under varying abnormal situation scenarios.
Introduction
Flaring in industrial processes is recognized as the cause of several environmental and cost issues with multiple implications. Flaring results in economic losses, waste of limited material and energy resources, generation of significant amounts of CO 2 and other greenhouse gas (GHG) emissions affecting air quality and contributing to global warming. There is also a noticeable impact on local populations living close to industrial sites. Flaring affects their quality of life and health. Yearly, around 140 billion cubic meters of natural gas are flared globally, the equivalent of 281 million tons CO 2 emissions (Davoudi et al. 2013) . The numbers seem large in magnitude but the impact is even larger when considering that 400 million tons of CO 2 emissions per year equal the annual emission rate of 77 million cars (Farina 2010) . In terms of economics, the loss is about $10-15 billion/year based on gas prices of $2-$3 per MMBTU (Farina 2010) .
Why do companies flare in the first place? It is a common practice in process operation to flare under abnormal situations as a safety precaution in order to protect the operators and the plant facility. It is also a standard operational procedure to flare during plant upsets, such as equipment malfunction, off-spec production, depressurization of gas processing equipment, startup, or emergency shutdowns. Additionally, flaring is used to dispose of flammable gases that are either unusable or uneconomical to recover. Similar to flaring in its environmental and economic impact, the venting of process gases is also a major concern. It occurs in industry to release unwanted gases and for safer operation of process equipment such as in the case of relieving buildup pressure. Flaring often leads to high emissions of combustion products and unreacted fuels. In natural gas processing, examples of these emissions include GHGs such as methane, NO x , SO x , and CO 2 . It is also worth noting that most of the flaring of associated gas from oil production or direct gas venting is a key source of concern that industry must address by better operational practices. With rising energy and feedstock prices and growing stringency of environmental regulations, industry has motivation to better manage flaring and venting.
An important option for managing flaring and venting is the use of process cogeneration systems. Generating electrical and thermal energy simultaneously in a single integrated system is known as cogeneration. The combined efficiency of traditional methods of generating power and heat separately can be substantially enhanced using cogeneration systems. Furthermore, cogeneration increases the cost-effectiveness of the energy systems and reduces the CO 2 emission (Deneux et al. 2013) . A common unit in cogeneration systems is the steam turbine which is one of the oldest technologies with typical capacity ranges from 50 KW to 250 MW. Steam turbines have high efficiencies and lower costs and higher flexibility in the type of fuel used to generate the steam. They also have long working life and high reliability. Since most flared and vented gases contain combustible hydrocarbons, it is possible to use the heating value in these streams to generate steam that can be used for combined heat and power. The key here is to tie the cogeneration system design to the process energy profile and thermal loads. This can be optimized through a process integration framework.
The objective of the paper is to develop an integrated framework for managing process flares by including them with the other process energy and thermal profiles in order to design a cogeneration system. The causes, extent, characteristics, and duration of flaring are accounted for in the design procedure. A cost-benefit analysis is used to establish the tradeoffs between economic and environmental benefits versus the cost of process revamping. An ethylene process is selected as the base case because of its industrial importance and because of the common flaring practices in this process worldwide.
Problem statement
Consider a process with a known historical record of flaring that includes the causes of flaring, the duration and frequency of each flaring event, and the quantity and composition of the flared gases. It is desired to develop a process retrofitting approach to install a cogeneration system that uses the flared gas to produce heat which is used for steam generation and, subsequently, for combined heat and power. The process heating and cooling demands are known and are to be integrated with the thermal loading of the cogeneration system. The metrics guiding the design should include fixed and operating costs of retrofitting, economic benefits resulting from the effective utilization of the flared gases, the values of the produced heat and power, and the reduction in GHG emissions.
Approach
The proposed approach is shown by Fig. 1 . First, the process steady-state base case study is modeled using a combination of published data and computer-aided simulation tools. Additionally, the dynamic data for the abnormal situations are provided in the form of flaring events. Each event is characterized by frequency, duration, flared amounts, and composition of the flared gases. Next, process data are extracted as (i) heating, cooling, and power demands and (ii) flaring events data. The heating and cooling data are processed through a heat-integration model to minimize the use of external heating and cooling utilities and to determine the thermal profile of the process consistent with the identified utility targets.
The flare gases are considered for cogeneration by extracting the heating value via combustion, converting the heat into steam, and letting down the steam through turbines to produce power and to utilize the exiting steam for process heating. A simple cogeneration diagram is shown in Fig. 2 . The heating requirements of the process dictate the throughput and steam outlet specifications of the cogeneration unit. In addition, the design philosophy of the cogeneration unit would have both GHG emission and economic impacts. To assess these factors, a cogeneration model was developed to evaluate the GHG emissions via combustion of selected boiler fuels and macroscopic reduction via simultaneous power production. The IAPWS-97 industrial formulation for the thermodynamic properties of water and steam was used to develop and evaluate the performance of the cogeneration process. Modeling and optimization approaches of cogeneration systems were used e.g., (Al-Azri et al. 2009; El-Halwagi et al. 2009; Bamufleh et al. 2013) . Economic data from the literature (Peters et al. 2002; El-Halwagi 2012) were used to estimate the economic implications of each desired cogeneration design. The model was extended to quantify the reduction of GHG emissions due to the use of flare gases as a fuel source thus avoiding or decreasing flaring. The economic and environmental data are used to run various scenarios and to establish cost-benefit analyses.
To demonstrate the usefulness of the proposed approach, a case study on ethylene production is used and presented below.
Ethylene production
Ethylene is a well-known and important petrochemical product and intermediate. Global capacity of ethylene has risen to 141 MMtons/year in 2012 (Fu and Xu 2013) . Among different feedstocks, ethylene produced from ethane in the US has increased from 55 % in 2007 to 71 % in 2012. This is partly attributed to the economic benefits of using ethane over the alternative heavy fuels (naptha) as a feedstock for ethylene production (Lippe 2013) . Most of reactions that lead to converting ethane to ethylene happen in steam cracking furnace (Dar et al. 2012) . In a typical ethylene plant, the process may face a problem that the automated process system is not able to handle; such a condition is called an abnormal situation. Upsets in the ethylene process that result in flaring are considered abnormal situations (Fu and Xu 2013) .
The literature has shown that GHG emissions are relatively high for the ethylene industry. A reported case showed that for a plant with a 600,000 ton/year capacity can have flaring rate up to 2,500 tons/year. At a flare efficiency of 98 %, the GHG emissions will contain approximately 15.4 MM lb of CO 2 , 40,000 lb CO, 7,400 lb NO x , 15,100 lbs hydrocarbons and 100,000 lbs highly reactive volatile organic compounds (Liu and Xu 2010) .
Case study
The basis for the ethylene process study is that 900,000 tons/year of ethylene is produced and the feed contains 96 wt% ethane, 3 wt% H 2 S, and 1 wt% of CO 2 . Steam to gas ratio in cracking furnace is 1 to 3. The main reactions taking place in the furnace are summarized in Table 1 . These reactions were obtained from the literature.
A typical ethylene process includes a sweetening unit for separation of hydrogen sulfide and a Claus process to convert separated hydrogen sulfide to nontoxic sulfur element. The sections below provide more details. First, the pre-treatment system is described, and then the ethylene process is presented.
Gas pre-treatment Sour gases should be separated completely from the gas stream before entering the cracking furnace. The removal of H 2 S and CO 2 takes place in sweetening section of the process as shown in Fig. 3 . The sweetening unit is an endothermic process, in which sour feed is first contacted with mono-ethanolamine (MEA) in an absorber unit and consequently amine will bond with H 2 S and CO 2 . The residue gas which now has trace amounts of CO 2 and H 2 S leaves from the top of absorber and the rich amine stream that has high concentrations of CO 2 and H 2 S will go to flash drum. Some of lighter components will separate as flash gas. Rich amine stream is then sent to the stripper for regeneration. Lean amine leaving stripper column will be recycled, and then make up amine is added to this stream based on inlet concentration of H 2 S. Outlet H 2 S concentration of sweetening unit is decreased to 18 ppm. This amount will be reduced to zero in an absorber column with zinc oxide as shown in the main ethylene process. Heat demand for the sweetening unit depends on the amine flow rate used for separating hydrogen sulfide to the required amount. In other words, the energy required for sweetening unit is used to break the bond between hydrogen sulfide and amine in stripper column. A Claus plant is used after the sweetening unit to convert hydrogen sulfide to elemental sulfur. Claus reactions are highly exothermic. The heat energy released can be recovered and used in other units such as sweetening unit. Froment et al. (1976) , Sundaram and Froment (1977) The acid gas outlet stream of the sweetening unit is an inlet stream to the Claus plant. A case depicting this is shown in Fig. 4 .
Ethylene process
The base case study of ethylene process flow sheet is shown in Fig. 5 . The sweet ethane gas is fed to the cracking furnace. The furnace is operated at 1,700.33°F. The cracked gas is then quenched. Light gases (C4?) mixture is separated and sent to a three-stage compressor section. The gas stream is further treated in CO 2 removal unit to separate trace CO 2 and then sent to the drying unit for removal of any moisture. Next is the ethylene separation sequence. This process is modeled using front-end de-ethanizer unit. There, the ethane and lighter gas mixture are recovered and then sent to the 4th stage compressor and the heavier mixture is sent for further separation. After the 4th stage compression, the light gases enter the acetylene hydrogenation unit, where acetylene is totally converted to ethylene. The methane is then recovered in the de-methanizer unit. The bottom of the de-methanizer now contains mostly ethane and ethylene will be directed to the ethylene splitter unit to separate product and recycle ethane to feed stream.
Ethylene flares
The proposed framework in this paper is to integrate process flare streams into a cogeneration system. As such, three flaring sources associated with the ethylene process have been identified, see Fig. 6 . They are the stream feed to the 4th stage compressor, the acetylene reactor outlet, and the ethylene product stream. These potential flare sources have a high frequency of occurrence. Process flares due to upset are non-continuous and for calculation purposes the assumed flaring rates are on an annual basis. The operation situation that results in a flaring incident is referred to here as the flaring cause. The management of the upset results in flaring of one or more streams. That is here termed the consequence. Table 2 summarizes the cause and duration associated with each of the three flared streams used in this case study (Liu and Xu 2010; Yang et al. 2010) . Here, the basic assumption is the co-gen unit has a certain power and heat output.
Cogeneration unit
In this section, we present the case of mitigating process upsets via design of a cogeneration system. The streams that would be traditionally sent to flare are proposed to be re-directed and fed to the standby cogeneration unit. Cogeneration systems are described earlier in the introduction section. For the case study, a simple steam turbine cogeneration unit is considered, see Fig. 2 . Flare streams are fed to the boiler in cogeneration unit. Based on heat demand of process, the steam flow rate is determined. Water will be heated in the boiler to superheated temperature. Subsequently, the steam from boiler in cogeneration unit is sent to the process to satisfy heating demands in the process. The additional steam will flow to an isentropic turbine to produce electricity. Steam that has been used in the process will lose pressure and temperature as a result. Therefore, a pump is placed to increase the pressure of this stream to the boiler conditions. Turbine and boiler are assumed to have efficiency of 75 %.
Simple Two Bed Claus Plant
The heating output requirement of the cogeneration unit is determined as the net heating requirements in ethylene plant and in gas-sweetening unit minus the amount that is produced in Claus plant as described in Eq. 1. 
For the case study here, the estimated cogeneration heating output calculated using the above equation is 36.8 MMBtu/h of high pressure steam (50 psia). The details of the calculation are described in Sect. 3.1.
Generally, the amount of power and heat generated by cogeneration system are quantified based on heating demand as a primary objective, or with power demand as a primary objective. In this case study, the co-gen unit is requested to satisfy the heat demand of ethylene plant as the primary objective and the power output would be the secondary objective.
The work presented here shows the potential in using stand-by cogeneration system to mitigate process upset. Future work will further investigate the design and operation of this cogeneration system with discontinuous flare streams. Results and analysis
Steady-state simulation
A static process model is simulated in Aspen plus using the ethylene process base case data. The model is used to predict the heat of combustion for each flare stream based on components, power, and heat requirements. The cracking furnace is modeled based on scaled-up experimental results and the reaction chemistry reported in Table 2 . The cracking furnace simulation results are presented in the Table 3 . The compositions and energy content of flare streams (A, B and C) are provided in Tables 4 and 5 . The composition is estimated from base case material balance, and the energy content for each stream is determined using Aspen simulation software.
The heat requirement for ethylene, MEA, and Claus processes was estimated using process material balance and developed models. For the MEA unit and Claus process, separate Promax models were developed to quantify their energy requirements. The cracking furnace requirements are excluded here. The reason is cracking furnaces operate at very high temperatures (1,700.33°F), and the quality of heat required cannot be satisfied with steam coming from cogeneration unit. A summary of the process heating demands is provided in Table 6 .
The ethylene power requirements are estimated to be 32.016 MW; this is based on the main 4 compressor units, which are summarized in Table 7 . Operating the cogeneration unit with the primary objective to satisfy the heating requirement resulted in a power production of 0.72 MW, see Table 8 .
CO 2 emission calculations
Three scenarios for comparing CO 2 emission are studied here. The bases for comparison for all scenarios are the heating and power demands of 36.81 MMBtu/hr and 0.72 MW, respectively.
• In the first scenario, heat and power are generated separately using fuel gas. The CO 2 emissions are estimated for each section separately.
• In the second scenario, heat and power are generated using cogeneration unit with fuel gas as feed.
• In the third scenario, heat and power are generated using a cogeneration unit, with flare streams as feed.
Figures 7 and 8 illustrate the three above considered scenarios on qualitative and numerical basis, respectively. Figure 8 shows the CO 2 emissions for all three scenarios. For each scenario, the emission from heat, power, and flare are reported. Note that, heat and power requirements are the same for all scenarios. The highest emissions are observed in the first scenario where heat and power are generated separately, whereas scenario 2 and 3 use co-gen units. This is mainly due to the amount of fuel gas that was offset by flare streams as feed.
Cost evaluation
The cost benefit for utilizing a cogeneration scheme and flare gases as a fuel source is compared with the design choice of heating being supplied by a separate natural gas fired boiler and power being supplied by the grid. The cogeneration model is used to quantify the economic implications using cost exponents and other estimates from the literature (Peters et al. 2002) . As shown in Table 9 , the cogeneration scheme has an increased total capital investment of $1.947 million but decreased operating cost by $ 60,000 per day. The operating cost savings is based on a heating and power cost of 4 $/MMBtu and 0.08 $/kWh, respectively. For this study, we also assume a plant onstream factor of ninety percent (90 %) which results in an attractive simple payback period of 0.25 year. Additional results are also summarized in Table 10 .
Conclusion
The paper investigates the utilization of flare streams for energy production using a cogeneration system and off-setting fuel gas as a way of reducing CO 2 emissions. In order to achieve this goal, a base case study for producing 900,000 tons/year was simulated. Sweetening and Claus processes were modeled to include in the energy and power study of the entire process (excluding cracking furnace). The heating and power requirements are 36.81 MMBtu/year and 32.016 MW, respectively. Three major flaring streams and their corresponding annual rates in the ethylene process were identified. The cogeneration system was designed to satisfy heat requirement of plant and thereby produced 0.72 MW of power. The environmental and economic analysis of this strategy showed 3.51 9 10 4 tons/year reduction in CO 2 Fig. 8 CO 2 Emission for scenario 1, 2, and 3 from generating heat, power, flare, and total (Total = heat ? power ? flare) emission, and annual operational cost saving of $2.07 9 10 6 was realized due to reduced fuel gas consumption in the cogeneration system.
